Heat transfer in separated flows
INTRODUCTION
The increasing demand of more efficient gas turbine engines is further stressing the physical understanding of aerothermal phenomena occurring in turbines. Turbine inlet temperature (TIT) has increased rapidly in the last decades enabled by the extensive use of increasingly effective cooling technologies. Further reductions in weight and cost targets have also required the development of thin low pressure turbine (LPT) profiles where flow separation might occur at the pressure side even at design conditions. These operating conditions of LPT have introduced new challenges in terms of understanding the aerothermal phenomena, as well as in the development of simulation tools able to predict these phenomena. In particular, the accurate prediction of thermal effects due to separation and reattachment of the flow on LPT profiles is an important new requirement.
The use of numerical prediction methods (i.e., CFD), which have acquired an acceptable level of maturity, becomes essential for the aerothermal design of turbomachinery components. Traditionally, these tools have been validated for heat transfer in high pressure turbines (HPT) featuring high Reynolds number and attached flow all along the profile. In the last decade, the capability of different CFD codes to predict the heat transfer on these configurations has been investigated focusing mainly in analysing the mesh sensitivity and turbulence model effects (e.g., Tutar and Sonmez [1] or El-Batsh [2] among others). The cases of small local flow separation at the suction side of LPT airfoils with sufficiently low Reynolds number and high diffusion have been also extensively investigated. However, the main focus of these cases is on the aerodynamic behavior, being very few the works focused on the details of the heat transfer physics (e.g., Schobeiri et al. [3] ).
Much attention has been paid to the investigation of large flow separation in simple cases, including both velocity related measurements and heat transfer measurements. These include experimental investigations of backward-facing steps as Vogel and Eaton [4] or Sparrow et al. [5] , where the relationship between the separation region and the heat transfer features was studied. Corresponding numerical investigations have been performed on similar configurations like the one by Kaminejad et al. [6] where only laminar conditions and very low Reynolds numbers are considered. The effect of turbulence was taken into account for example by Rhee and Sung [7] , where good agreement with experimental data was also found for very low Reynolds numbers. More recently, Rhee and Sung [8] also investigated the effect of local forcing on the separation and reattaching flow.
However, very little attention has been paid to the heat transfer in large separated flow regions in turbine representative conditions. Bassi et al. [9] present CFD results on the separated flow region of a HPT airfoil with cutted trailing edge with no cooling ejection, but only a short discussion about the separated flow physics is included. Regarding experimental investigations, Rivir et al. [10] have measured the flat plate heat transfer in a region of turbulent separation, and Bellows and Mayle [11] have measured the heat transfer on a blunt body leading edge separation bubble both for cases of high Reynolds number. More recently, De la Calzada and Alonso [12] performed a numerical investigation of large flow separation region at the pressure side of a turbine profile but not comparison with experimental results was included. Lutum and Cottier [13] presented a similar investigation, but results indicated that simulations were not able to reproduce experimental heat transfer results at the pressure side separation region especially for low turbulence levels.
From experimental investigations, it is known qualitatively that separated flow regions are characterised by large and rapid variations of the heat transfer (e.g., Rhee and Sung [8] ). Furthermore, the heat transfer presents a local minimum and a local maximum in the vicinity of separation and reattachment points respectively, with regions where the heat transfer coefficient (HTC) is much larger than that of attached flows [10, 14] . Taking into account that separated flow regions are usually characterized by high turbulence levels and large scale unsteadiness, there is a tendency in the heat transfer community to explain the heat transfer phenomena in separated flows in terms of the generation of turbulence rather than in terms of the dynamic and thermal boundary layers relationship.
The aim of the present investigation is to perform a detailed numerical study of the heat transfer phenomena in separated flows at flow conditions representative of LPT airfoils. A comparison with experimental data from the European programme AITEB [15] is performed, hence allowing the validation of the code and the confirmation of the main flow features. Based on these numeric results, an attempt is made to understand and explain the flow physics in the vicinity of separation and reattachment points that can influence the heat flux. In particular, the relationship between the dynamic and thermal boundary layers and the importance of the velocity component perpendicular to the wall in creating injection of flow towards the wall or ejection of flow from the wall and their effect in the heat transfer is analyzed.
CFD SIMULATIONS AND VALIDATION

CFD Modeling
In the present investigation, an in-house CFD code named MU 2 S 2 T is used for calculations. This code solves the RANS equations written in conservative form in an absolute frame of reference. The scheme used is based upon Jameson et al. [16] . Convective terms are discretized using a cell vertex scheme, and the viscous terms are computed by means of the Hessian matrix. Integration in time is performed using an explicit five stage Runge-Kutta scheme where the viscous and artificial dissipation terms are evaluated in the first, third, and fifth stages. The code runs on unstructured meshes which are built by a quasi-structured layer all along the walls, where viscous effects are expected to be dominant and by a fully triangular unstructured mesh in the rest of the flow domain obtained by Steiner triangulation [17] . For turbulence simulation, the two equations k-m model from Wilcox [18] is implemented. More details of the numerical code can be found in Corral and Contreras [19] .
Numerical results are post processed to obtain heat and mass transfer relevant parameters at the walls. This is performed by computing velocity and temperature variation in the direction perpendicular to the wall so that heat transfer and friction coefficient as well as Stanton number can be computed, as defined in Eqs. (1) and (2) . The local Stanton number is the equivalent for the temperature to the local skin-friction coefficient for the velocity. Although the local Stanton number variations do not represent variations in heat flux alone but also take into account the local velocity value, it is the most adequate parameter to describe the thermal boundary layer behavior and to develop special correlations for heat transfer estimation (i.e., Reynolds-Colburn analogy). eh x = ™*=. T Note, that the total temperature is used in the definitions instead of the adiabatic wall temperature, even though compressible effects and therefore viscous dissipation may be important since the representative cases for LPT usually imply an exit Mach number of around 0.5, as we have in our study. However, the difference between the aforementioned coefficients and the corresponding compressible definitions can be kept sufficiently low if the wall temperature for the computations is properly chosen. In our particular cases, the total temperature is defined as in the experiments and the wall temperature is taken around 25 K higher than the fluid temperature, which keeps the difference between compressible and incompressible heat and mass transfer coefficient values lower than 2% even at regions with Mach numbers around 0.5. This wall temperature value also develops a thermal boundary layer whose magnitude is large enough to avoid high sensitivity to any random numerical errors in the resolution of the temperature field around the wall.
MU 2 S 2 T Validation
MU 2 S 2 T is validated for heat transfer in attached flows against a highly loaded transonic turbine guide vane named LS89 widely used for validation purposes [20] .
All grids were generated with G2D, an in-house tool for unstructured mesh generation on turbomachinery. The computational grid around the profile was generated following the unstructured and quasi-structure approach mentioned above. Figure 1 shows detail of the mesh in the external region. A growing mesh rate is specified on the homogeneous triangular mesh when moving from the profile towards the inlet boundary. Also, the quasi-structured region all around the profile and wake with stretched triangles following the main direction of the flow can be observed.
First, a CFD model with a Reynolds number equal to 10 6 and an isentropic exit Mach number of 0.875 was run to validate the pressure distribution around the blade. Excellent agreement with the experimental results was achieved, as shown in Figure 2 .
Second, for heat transfer validation purposes only laminar simulations were performed, since we are not especially concerned about turbulent effects in this investigation. In particular, one case with similar Reynolds number to the one found in LPT (i.e., 5 x 10 5 ) was chosen where no transition of the boundary layer was observed in the experiments. A constant stagnation temperature of 420 K and a constant wall temperature of 450 K were specified.
When obtaining heat transfer results from these computations it was noted that some wiggles were appearing, especially in the leading edge and suction side surface as plotted in Figure 3 . These are thought to be due to some truncation errors in the specification of geometry points, as other authors like Gehrer and Jericha [21] Boyle and Ameri [22] have reported. In order to solve such problem; a redesign of the geometry was performed while keeping the same pressure distribution and global geometry constraints. The ensured continuity of curvature in the new geometry had a strong impact on the results, and then smooth variation on the HTC distribution were obtained as plotted also in Figure 3 . However, some discrepancies with the measured data in the suction side acceleration region were obtained, especially in a region around 1/3 of the axial chord (which seems to be a common problem based on similar results obtained by Tutar and Sonmez [1] ). Regarding grid sensitivity, some different cases were computed to obtain the optimum y + range in cells adjacent to the wall in order to accurately predict the heat transfer features. As a result of this study, the optimum range for heat transfer calculations was found to be y + < 3, even in laminar regions.
Description of the T106-300 Model, Computational Grids, and Results for Attached Flow
The T106-300 blade section has been used as a generic geometry representative of a typical highly loaded LPT airfoil [23] (see Figure 4 for cascade geometry and conditions details). In this investigation, the T106 blade profile is subject to extremely large negative incidences in order to have a large separation bubble on the pressure side. Mach and Reynolds numbers are varied around typical LPT values.
The generated grid is hybrid in nature with higher definition in regions adjacent to the wall, trailing edge and leading edge, as shown in Figure 5 . Due to the expected flow separation at the pressure side when the profile is subject to high negative incidence, on this investigation the viscous mesh is extended to a region larger than attached flows would require for this Reynolds number. The objective of this large region with high definition is to capture the shear layers and flow features on the Pressure distribution is considered to match well with the experiments, in particular on the major part of the suction side. Since we are interested mainly in the flow along the pressure side, no attention will be paid to the separation bubble at the back suction surface that the code does not predict probably due to a too soon turbulence generation and boundary layer transition. Although the level of pressure achieved by the numerical results at the pressure side of the profile is lower than the experimental data, the heat transfer level matches well with the experiments. However, more HTC oscillations are found in the experiments compared with the smoother results predicted by the numerical simulation. It is interesting to note that the heat transfer measurements at the acceleration region of the leading edge decrease to lower values than the CFD results. This might indicate that the profile is subject to a slightly larger negative incidence in the experiments, hence creating an acceleration-deceleration behavior achieving a higher final pressure as shown by the results. The final acceleration region towards the trailing edge has a more pronounced effect on the numerical simulation, where the heat transfer value shows higher increase due to the expected thinning of the boundary layer with the increase in the external velocity. 
SEPARATED FLOW RESULTS
Large Separation Bubble
Results at the extreme conditions of-37.7° negative incidence (i.e., inlet angle p7 = 90°) are shown first. The comparison between numerical and experimental results in terms of pressure distribution along the airfoil is presented in Figure 8 . The separation region is characterized by low velocities and a fairly constant pressure distribution. However, at the reattachment region the static pressure increases reaching a local maximum (i.e., local minimum value of Cp in Figure 8 ), which indeed indicates the reattachment point. The experimental results indicate, to some extent, a shorter separation bubble which reattaches earlier, hence starting earlier also the acceleration towards the trailing edge. This may be related to the already identified higher pressure at the pressure side predicted by the CFD, which might indicate some slight difference in local incidence angle between the experiments and the simulations.
Some more detail about the flow can be identified by comparing experimental and numerical heat transfer results shown in Figure 9 . Both experimental and numerical results show two local minima and maxima between the extreme values achieved at leading and trailing edges (these extreme values are not shown in the graph). The first minimum occurring at around 0.03 x/L corresponds to the expected reduction in heat transfer rate at the separation point. The maximum occurring at around 0.6 x/L corresponds to the expected increase in heat transfer rate at the reattachment point. However, a second local maximum at around 0.1 x/L and a second local minimum at around 0.2-0.3 x/L (depending if looking at experimental or numerical results) occur, hence indicating some internal structure on the separation bubble that produces relevant changes in the heat transfer features. Although the extension of the separation bubble is somehow smaller in the experiment compared with the simulations, the trend and levels in both cases confirm the same physical behaviour. In Figure 10 the Mach number and total pressure fields are plotted where the large bubble at the pressure side can be clearly identified. Helped by the streamlines traces, the multiple bubble configuration can be also identified. In this particular case, two bubbles appear. As confirmed in Figure 11 by the velocity vectors, one small bubble is stretched towards the pressure wall, developing at the center of the full separation region whose vortex is rotating counterclockwise, and one large bubble, rotating clockwise is extending up to the external shear layer along the major part of the pressure side, having its vortex core at the rear part of the separation region while extending its vortex influence also to the front part.
Detail of the temperature field and flow velocities in the regions of flow separation and reattachment are plotted in Figures 11 and 12 . At points 1 and 3, the flow is separating and a large component of the velocity perpendicular and directed away from the wall exists. This flow configuration takes heat from the side walls and ejects it, creating an ejection stagnation or fountain-like region where the wall thermal field is penetrating the main flow helped by the perpendicular component of the velocity, hence increasing the effective thermal boundary layer and decreasing the heat transfer rate. This phenomena is particularly clear in front of point 3, where the increase in the thermal boundary layer thickness can be easily identified by the extension of the high temperature region close to the wall in Figure 11 . Point 3 corresponds to the separation of an internal second bubble, which must also exist in the experiment configuration since the local minimum can be also identified in measurements in Figure 9 . Points 2 and 4 correspond to reattachment points where there is an important component of the velocity perpendicular and towards the wall, hence taking fresh fluid to the wall and creating an injection stagnation region where the thermal boundary layer is reduced and heat transfer is increased.
To further investigate the thermal boundary layer developing through the separation region the temperature profiles developing along straight lines perpendicular to the wall, marked a-d in Figure 10 , are plotted in Figure 13 . Note, that the y coordinate is nondimensionalized with the thermal boundary layer thickness, which is basically coincident with the thickness of the separated region. Dotted lines represent the temperature distribution of the corresponding adiabatic wall case where static temperature only varies as a result of the velocity profile (being the stagnation temperature fundamentally constant), while solid lines show the temperature distribution within the re-circulation region at different distances from the wall in the case with heat transfer and heated wall. The lowest wall temperature gradient is obtained at the leading edge separation point 1 (line a), where even with the thermal boundary layer being relatively thin the fluid temperature shows a low gradient specially close to the wall driven by the ejection of heated flow from the wall through the ejection stagnation region configuration. On the contrary, the highest heat flux is achieved at the main bubble reattachment point 4 (line d) where, additionally to the thin thermal boundary layer thickness, the fluid temperature variation is mainly concentrated at the wall in a region about 10% of that thickness, hence increasing the temperature gradient at the wall. This reduction of the effective boundary layer thickness is driven by the injection stagnation region configuration, where the velocity component perpendicular to the wall is forcing the thermal boundary layer to be squeezed towards the wall.
As an additional proof showing that there is low coupling between the dynamic and thermal boundary layers and their gradients in separated regions, the relationship between the velocity parallel to the wall and temperature gradients at the wall is investigated. It is widely accepted that the Reynolds-Colburn analogy is only reliable in attached flows only for modest, near-zero, pressure gradients, and with a constant wall temperature [24] . The computed local skin-friction coefficient (absolute value), the Stanton number, and the Reynolds-Colburn analogy are shown in Figure 14 to further demonstrate that the analogy between dynamic and thermal boundary layer is not valid for separated flows even when no pressure gradient exists (e.g., Spalart and Coleman [25] ). Only at the rear acceleration region where attached flow is ensured, the Reynolds analogy tends to follow the correlation showing a conventional relationship between dynamic and thermal boundary layers and their gradients at the wall. Furthermore, unlike the Stanton number, the skin friction approaches zero not only at the separation and reattachment regions but also along the major part of the separated flow region, hence confirming that the ReynoldsColburn analogy is not applicable. This is clear proof that there is a very weak coupling between velocity parallel to the wall and thermal boundary layers in separated flows. On the contrary, it is the convective transport of fluid in a direction normal to the wall and the fluid conduction effects in low velocity regions what drive the heat transfer phenomenon, hence supporting once again the prime role of the stagnation region configurations on the heat transfer mechanism.
Inlet Flow Angle Effects
Inlet flow angles of 90°, 100°, 110° (i.e., -37.7, -27.7°, and -10.7° incidence angle, all with separated flows at pressure side), and 127.7° (i.e., 0° incidence angle, with pressure side attached flow) have been simulated for the nominal isentropic exit Reynolds number of 1.5 x 10 5 and an isentropic exit Mach number of 0.5. The Figure 16 . All the separated flow cases show relatively large bubbles varying the reattachment points from 0.5 x/L for -17.7° incidence up to 0.6 x/L for -37.7° incidence. Unlike the HTC whose local maximum value at reattachment point is maintained almost constant along the attached acceleration region up to the trailing edge region, the Stanton number clearly generates a more pronounced local maximum value at the reattachment point driven by the combination of maximum heat flux and static pressure (i.e., minimum external velocity).
It is noticeable that in all separated flow cases the same multiple bubble configuration is obtained as indicated by the presence, within the separated region, of one additional local minimum and one additional local maximum in heat transfer parameters although it is less evident in the slight negative incidence case (i.e., -17.7° incidence). Generally, it can be concluded that the separated region always generates a redistribution in the heat flux by decreasing the value at the front separation region and by increasing it at the rear reattachment region. The higher or lower surface averaged effective value will depend on the particular geometry and conditions.
Reynolds Number Effect
Reynolds number effect is investigated by simulating different cases with the same incidence and exit Mach numbers but different fluid conditions so that the Reynolds number is changed. In order to achieve the required effect in the simulations, only the pressure level is modified. Figures 17 and 18 present the results when the Reynolds number is varied between 150,000 and 400,000.
The dependence of heat flux on Reynolds number at separating and impingement regions can be obtained analytically on simple cases. At impingement points the case of plane and axisymetric laminar flows can be integrated to obtain the known dependence of the heat flux on the Reynolds number to the power of 0.5 [26] . Similarly, at separating points expansion equations can be obtained which also show a dependence on Reynolds number to the power of 0.5 in simple cases as wedge and Howarth's decelerating flow [27] . However, these methods are of difficult application to complex cases as presented here where a shear flow impinges on the wall with an inclination angle (i.e., the bubble reattachment occurring in our case), or where the separation occurs within a region of already separation bubble (i.e., the secondary bubble appearing in our case).
In our simulation cases, the HTC (i.e., heat flux) also increases with Reynolds number as expected. However, the maximum values at the reattachment point in these cases increases with an exponent approximately equal to 0.3. It is interesting to note that the Stanton number varies inversely with the Reynolds number, as shown in Figure 18 . By applying the definition relationship between HTC and Stanton number Ch in Eqs. (3) and (4), it can be seen that the ratio HTC/Ch must retain a dependence on Reynolds to the power of 1. Therefore, the Stanton number dependence on the Reynolds number should vary with and exponent of -0.7 in these cases according to the exponent 0.3 found for the HTC, which is indeed confirmed by the maximum values at the reattachment point shown in Figure 18 .
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One interesting feature is that, for all Reynolds numbers investigated, the size of the bubble and the internal structure (i.e., multiple bubble configuration) is the same, as can be concluded from the location of local maxima and minima in the figures. Although it could be expected that increasing the Reynolds number would reduce the size of the separation bubble, in this particular case the reattachment is driven by the acceleration of the flow and the role played by the Reynolds and the corresponding boundary layer instability and potential transition is expected to be very minor. This is a completely different behavior compared to cases in which there is no flow acceleration, and the reattachment is driven by boundary layer transition. In these latter cases, the increase of turbulence produces an early transition and reattachment and an increase in heat flux due to the stronger reattachment vortex, as has been shown by Hwang et al. [28] on a blunt flat plate subject to pulsating conditions. Although the implemented numerical turbulence model was able to produce high turbulence and the corresponding boundary layer transition on the suction surface to avoid the back surface separation, at the pressure side the turbulence generation is concentrated on the external shear layer and from there it is convected downstream to the trailing edge and the downstream wake. Therefore, it is thought that in cases like this the turbulence is not a strong enough mechanism to force sufficient flow entrainment and perturbation to the shear layer to produce an early reattachment of the boundary layer, and it is then expected that the size of the separation bubble will depend weakly on the Reynolds number and turbulence.
CONCLUSION
A better understanding of the flow physics and the heat transfer mechanisms in large separated flow regions have been achieved by means of a numerical investigation on the T106-300 typical LPT airfoil subject to large negative incidence.
Flow separation is characterized by a pronounced reduction in HTC at the separation region, close to the leading edge where the minimum value is achieved, and by an increase at the reattachment region where the maximum value is achieved. Those are extreme values, much lower and higher than the ones obtained for attached flows. It is concluded that the velocity component perpendicular to the wall is the main contributor to the generation of ejection and impingement stagnation configurations, where the flow is taken from or towards the wall, hence affecting the thermal field in those regions and contributing to create a lower or higher temperature gradient at the wall and the corresponding HTC values. By analyzing the Reynolds-Colburn analogy all along the pressure side of the profile, the low coupling between the velocity component parallel to the wall and the thermal field and their gradients within the separation region is confirmed.
Additionally, it is also shown that an important variation in HTC values can occur within the separation region due to the presence of secondary separation bubbles which can create additional separation and reattachment points. This is confirmed by both numerical and experimental results for the high negative incidence (i.e., -37.7° incidence), which show the presence of one additional local maximum and one local minimum in HTC values that must indicate the presence of additional corresponding reattachment and separation points, hence indicating the presence of and the additional secondary separation bubble. Moreover, it is also shown by the numerical results that the multiple bubble configuration is found for all separated cases investigated here (i.e., negative incidence varying from -17.7° to -37.7°).
Finally, the variation of the heat transfer with the Reynolds number is investigated. The numerical results show no variation of the separation bubble size with Reynolds number varying from 150,000 to 400,000. A dependence of the HTC on the Reynolds number to the power of 0.3 is obtained in the separation region, in particular at the maximum value occurring at the main bubble reattachment point on the rear part of the separation bubble.
